This paper deals with the dynamic behaviors of friction observed in a hydraulic cylinder. Yanada and his coworkers have modified the LuGre model, which is the most widely utilized friction model, by incorporating lubricant film dynamics into the LuGre model and have shown that the dynamic friction behaviors of a hydraulic actuator can be simulated by the modified LuGre model with a relatively good accuracy. In addition, a method to identify the dynamic parameters included in the model has been proposed. However, the experiments were conducted using one type of oil at a fixed temperature. It has not been made clear how the dynamic behaviors of friction are affected by viscosity and type of oil. In this paper, the effects of the viscosity and type of oil on the dynamic behaviors of friction are examined using a hydraulic cylinder. It is shown that the type of oil affects the size of the hysteresis loop of the friction force-velocity curve to some degree and that the viscosity hardly has influence on the dynamic friction behaviors. It is also shown that the time constant of lubricant film dynamics is increased with increasing viscosity but its variation is relatively small and that the bristle stiffness and microviscous coefficient are not affected by the viscosity and the type of oil. A simple modification of the modified LuGre model taking the effects of the oil temperature into consideration is made. Comparisons between experimental and simulation results show that the improved model is appropriate.
Introduction
Accurate modeling of static and dynamic characteristics of a fluid power actuator is very important to analyze the performance of or to predict the behaviors of a fluid power system. Mathematical models to describe the steady-state friction characteristics have been proposed 1）-3） and are widely used to analyze the steady-state characteristics of a fluid power actuator. However, those models are useless to predict dynamic behaviors of the actuator especially when the actuator repeats start and stop.
Several mathematical models that describe the dynamic behaviors of friction have been proposed 4）-6） and among them, the LuGre model 4） is most widely utilized. However, all those models cannot simulate well the friction behaviors of hydraulic actuators in the sliding regime 7）, 8） . A modification to the LuGre model has been done by incorporating lubricant film dynamics into the model and it has been shown that the . In addition, the friction characteristics are affected by the viscosity of oil, especially at high velocities and may be affected also at low velocities 11） . Therefore, it is very probable for the dynamic behaviors of friction （or the unsteady-state friction characteristics） to be affected by those factors. However, the experiment that examined the dynamic behaviors of friction of a hydraulic actuator was conducted at a fixed temperature using only one type of oil 7）-9） . （3-1, Honohara, Toyokawa, Japan）
Original Paper: Transactions of the Japan Fluid Power System Society, Vol.41, No.2, pp.28-35 (2010) 
Nomenclature a ：acceleration
A i ：piston area （i=1, 2） 
The supply pressure, p s , was kept at 5 MPa. In order to examine the effects of viscosity and type of oil on dynamic friction behaviors, five types of oil shown in Table 1 were used. Relation between viscosity and temperature for the five oils is shown in Fig. 2 . The effect of type of oil was examined by using four types of oil, Oils 1 to 4 at the same viscosity of 35mPa・s, which was realized by adjusting temperature, while the effect of viscosity was examined by changing temperature of Oil 1 and by using three types of oil which have different viscosity grades, Oils 1, 3, and 5, at 34°C. The temperature at the outlet of the return line was about 1°C
lower than that in the oil tank. This means that the mean temperature in the hydraulic cylinder is almost equal to that in the oil tank.
Modified LuGre Model
The modified LuGre model 8） is described below in short. ｉ）Equations corresponding to the LuGre model where θ is the temperature of a lubricant, for a hydraulic actuator, the mean oil temperature in it and θ 0 is the standard temperature at which the static parameters are identified.
Results and Discussions
Every experiment was conducted three times. The repeatability was good and the difference among three measurements at an experimental condition was less than 7 %.
Steady-State Friction Characteristics
Figure 3 shows steady-state friction characteristics measured for Oils 1 to 4 at the same viscosity of 35 mPa・s.
As can be seen from Fig. 3 , there are differences in the steady-state friction characteristics among the four oils, especially at low velocities. Oils 1 and 2 seem to have the same friction characteristics in both positive velocity range （extending stroke） and negative one （retracting stroke）.
However, the friction characteristics for Oils 3 and 4 are different from each other and from those for Oils 1 and 2.
The magnitude of the friction force for Oil 3 is much larger than those for Oils 1 and 2 in both velocity ranges. At high velocities, the friction characteristics seem to be the same among the four oils. are 55, 25, and 3 mPa・s for Oils 1, 3, and 5, respectively. The shown in Fig. 4 into account, the effect of the type of oil may be larger than that of the viscosity. Table 2 shows the values of the static parameters of the modified LuGre model for Oil 1 at three cases of viscosity; the static parameters were identified from the measured steadystate friction characteristics in Fig. 4 . As shown in Table 2 was increased with decreasing viscosity in both velocity ranges. Table 3 shows the values of C 1 and C 2 identified when 44°C （35 mPa・s） was chosen as the standard oil temperature θ 0 . The steady-state friction characteristics can well be simulated by using the identified parameters. Figure 6 shows unsteady-state friction characteristics measured for Oils 1 and 3 at 35 mPa・s. Fig.６⒜ shows a sinusoidal velocity variation of the hydraulic piston and Fig.６ ⒝ shows the friction forces measured for the two oils. The velocity variation range was chosen to be smaller than 0.045 Using the values of the static parameters in Table 2 and of the time constants in Fig. 10 , values of the stiffness of the bristle, σ 0 , and of the micro-viscous friction coefficient for bristles, σ 1 , were identified at each viscosity using the method proposed in the previous paper shows the friction force-velocity curves obtained from the simulation results shown in Fig. 12 and the velocity wave form in Fig. ６⒜ and needs to be compared with the friction characteristics shown in Fig. 8 . Figure 12 shows that the simulation results agree relatively well with the experimental ones at each oil temperature except for the first acceleration period. In Fig. 13 , the size of the hysteresis loop is almost the same for two cases of the oil temperature. This result agrees with the experimental result shown in Fig. 8 .
Unsteady-State Friction Characteristics

Conclusion
In 
